A seven-port wave-correlator based vector network analyzer is proposed. The seven-port wave-correlator is a combination of two six-port wave-correlators which share common components. Furthermore, the complex wave ratio measurement accuracy is improved since the input signals can be directly detected by the side-arm ports. A seven-port wave-correlator is fabricated using microstrip branch line couplers. The performance of the wave-correlator and the constructed network analyzer are evaluated, and the measurement accuracy is confirmed.
Introduction
Faster operating frequency and higher circuit complexity are the current trends in modern electronic systems. The design and realization of high-performance RF or high-speed electronic products for digital and analog applications require accurate testing instruments. The advances in the state of the art in microwave and millimeter-wave hardware and software have provided the engineer with much more powerful tools for the instrumentation of electronic system measurements. Presently, most of the commercially available time domain or frequency domain instrumentation is devoted to the characterization and testing of two-port devices such as sampling oscilloscopes or network analyzers.
An alternative cost-effective instrumentation for the characterization of the microwave network is the six-port measurement technique. Since Engen presented the six-port theory in 1972 [1] , this measurement technique has gained wide acceptance and has played a major role in microwave metrology [2] - [5] . The six-port system was first proposed as a reflectometer for conducting one-port measurement, where the reflection coefficients, with both magnitude and phase information, are accurately extracted from a set of power measurements, Fig. 1(a) . Then the use of a dual sixport system to measure two-port devices was developed [6] - [10] . All of the network parameters can be measured since a RF signal from one common source is fed simultaneously to two six-port reflectometers, which detect the incident and reflected waves at the ports of the network being measured, Fig. 1(b) .
In a previous paper [11] , the authors proposed a six- 
(c) Fig. 1 Block diagrams of (a) a six-port reflectometer, (b) a dual six-port system to measure two-port devices, and (c) a seven-port junction proposed in this paper.
port based wave-correlator. The six-port wave-correlator is a passive microwave network operated as a two-channel wave receiver, i.e., with two inputs and four outputs. The vector relation (magnitude and phase) between the two input signals can be determined from the power readings at the four output ports. In the present paper, based on the technique of the six-port wave-correlator, a seven-port wavecorrelator based network analyzer is proposed. Compared with the six-port wave-correlator, the seven-port wavecorrelator, Fig. 1(c) , can extract the magnitude information more accurately while maintaining the accuracy of phase measurement. Compared with the dual six-port network analyzer [6] - [10] , the proposed seven-port wave-correlator based network analyzer is compact and cost effective, since the two six-port junctions share common components. The theory behind the seven-port wave-correlator is first discussed in this paper. Then a seven-port wave-correlator de-
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The Institute of Electronics, Information and Communication Engineers veloped for the X-band is described as well as its application to two-port measurements. The measurement accuracy is examined by comparison with the commercial vector network analyzer.
Theoretical Development of the Seven-Port WaveCorrelator
A seven-port wave-correlator composed of five quadrature hybrids (Q) is shown in Fig. 2 . Here the seven-port correlator is operated as a two-channel wave receiver. The vector relation between two microwave signals a s1 and a s2 applied at ports P1 and P2 is obtained by measuring the power levels at the five remaining ports. Here the complex correlation ratio of the two incident waves is defined as
In previous papers [11] , [12] , the authors proposed a six-port based wave-correlator, where the complex correlation ratio of the two input signals can be determined from the power readings at the four output ports. Since the sixport wave-correlator is in fact an extension of the conventional six-port reflectometer, if the correlation ratio is much greater than one, |W| > 1, the measurement accuracy, particularly for the magnitude of W, will be deteriorated.
The seven-port wave-correlator presented here can be considered as a combination of two six-port junctions: junction A with the input ports P1 and P2 and four side arms P3, P5, P6, and P7, and junction B with the input ports P1 and P2 and four side arms P4, P5, P6, and P7. According to the amplitude ratio of a s1 and a s2 , we can determine which six-port junction will be used in the measurements [13] .
If |a s1 | ≥ |a s2 |, i.e., |W| ≤ 1, then junction A is used with P3 as the reference port, and W is measured. If we denote the power at an arbitrary sidearm port as P i , i = 3, 4, 5, 6, 7, then with port 3 as the reference port, the power ratio 3 P i ≡ P i /P 3 , i = 5, 6, 7, can be expressed as
If |a s1 | ≤ |a s2 |, i.e., |W −1 | ≤ 1, then junction B is used with P4 as the reference port, and W −1 is measured. Then with port 4 as the reference port, the power ratio 4 P i ≡ P i /P 4 , i = 5, 6, 7, can be expressed as
where h T i , t 3 , t 4 , t i , and t i , (h = 3, 4, i = 5, 6, 7), are calibration parameters of the seven-port wave-correlator which should be determined in advance. Since the measured amplitude ratio of the two incident waves, either |W| or |W −1 |, is kept less than one, the measurement accuracy can always be retained.
Compared with the six-port wave-correlator, the sevenport wave-correlator has several other significant features.
1. The power reading of P3 is directly related to the amplitude of incident waves, a s1 , while the power reading of P4 is directly related to the amplitude of incident waves, a s2 . Thus the amplitude ratio of a s1 and a s2 can be accurately measured during the calibration and measurement. 2. Since the seven-port wave-correlator is a combination of two six-port wave-correlators, the calibration method for the six-port wave-correlator can be applied directly to calibrate the seven-port wave-correlator.
For a six-port junction, there are a total of 11 real calibration parameters that should be determined in advance [11] . For the seven-port wave-correlator, however, since the two six-port junctions share common components, the following prerequisite exists:
Considering that both t i and t i are complex numbers, the total number of real calibration parameters of the seven-port wave-correlator is 16 instead of 22 for the dual six-port system.
In the calibration procedure of the seven-port wavecorrelator, we use only one phase shifter [11] . The incoming signal from the source is split into two parts using a twoway power divider. One of them directly feeds port P1 of the seven-port junction, Fig. 2 , while the other feeds port P2 through a sliding phase shifter. Now we denote the wave correlation ratio as W c e − jθ where θ is the phase angle corresponding to the position of the sliding phase shifter. Referring to (2) and (3), the observed port power ratio as a function of θ may be written as
where i = 5, 6, 7. Obviously, h P ic (θ) is a periodic function of θ with period 2π. It can be represented by Fourier series
where
is the complex Fourier coefficient of the nth harmonic. Furthermore, the right-hand sides of (5) and (6) can be expanded into series by employing the Maclaulin expansion [14] . Then we can derive the relationships between the complex Fourier coefficients and the system calibration parameters as
Finally, to determine the calibration parameters, we must extract the unknown W c . For the seven-port wave-correlator, this can be done easily by removing the phase shifter and determining W c uniquely as the radical center by a procedure similar to that which we proposed in [14] . In the proposed seven-port system, as we will discuss in detail later, either commercially available quadrature hybrids constructed of striplines, or microstrip branch line couplers are used, which are the fundamental components in the core of the proposed seven-port system. The frequency characteristics of the hybrid couplers are important but their nonideal performance can be eliminated by the above calibration procedure, which is the so-called hardware imperfection "elimination" by the software [3] .
Seven-Port Wave-Correlator Based VNA
Since the seven-port wave-correlator is capable of yielding complex wave ratio measurements, a vector network analyzer can be realized based on the seven-port wavecorrelator. Several different network configurations can satisfy this purpose. One of the configurations for using the seven-port wave-correlator to measure all of the scattering parameters of a two-port DUT (device under test) is shown in Fig. 3 . This configuration is composed of directional couplers, matching loads, switches, and the seven-port wavecorrelator. The two-port network under test with scattering parameters S i j , i, j = 1, 2, is connected at reference planes 1 and 2. The source signal is routed to the DUT ports via switches, SW1, 2, and 3. Two directional couplers are connected to the DUT so that a sample of the source signal can be used as the reference signal. Then one port of the wave-correlator, P1, receives this reference signal via switch SW4. The second port of the wave-correlator, P2, receives all the transmitted or reflected waves of the DUT sampled by the same directional couplers and routed via switch SW5. This circuit configuration is not an optimized one with respect to circuit performance and circuit simplicity; nevertheless, this setup is straightforward for the experimental proof of the concept and hence is adopted for the following discussion and experiments. The measurement steps are as follows. First, for the seven-port wave-correlator already calibrated and the system parameters already determined, the complex wave ratios, corresponding to b 1 /a 1 , b 2 /a 1 , b 1 /a 2 , and b 2 /a 2 , are measured by the wave-correlator by setting the switches correspondingly. For example, when the five switches are set as shown in Fig. 3 , the complex wave ratio a s2 /a s1 , which corresponds to b 2 /a 2 , is measured. Next, since the primary reference planes of the seven-port wave-correlator for measurements are P1 and P2, the measurements will include losses and phase delays caused by the effects of the connectors, cables, switches, and directional couplers. As is usually the case in the vector network analyzer measurements and dual six-port VNA measurements, these effects are lumped into error boxes, placed at each port, corresponding to the difference between the actual measurement reference plane and the desired reference plane for the two-port DUT. In Fig. 4 , the error terms of the error boxes are expressed as S-parameters, e i j , i, j = 0, 1 and i, j = 2, 3. One can see that the actual measured network is a cascade of input error box 1, the DUT, and output error box 2. The measured result of this cascade is most easily calculated using the cascade T-parameters. Thus the actual T-parameters of the DUT can be derived from the measured results as ] are the T-matrices of the two error boxes, respectively. Based on the relationship between the S-parameter and the T-parameter, the Sparameter of the actual DUT can be derived, e.g., S 11 of the DUT is S 11 = e 00 e 22 S 11M (e 01 e 10 − e 00 e 11 )(e 23 e 32 − e 22 e 33 ) ,
where S 11M is the measured result. The parameters which characterize the error boxes may be obtained by any of the existing techniques. In our measurements, the OSLT (Open-Short-Load-Thru) procedure is used. Obviously, the imperfections in the microwave hardware, such as the directivity error of the couplers, and the leakage errors of the switch, will be removed through this calibration process.
Experimental System and Measurements
Based on the circuit configuration in Fig. 3 , a laboratorylevel experimental setup of the seven-port wave-correlator based VNA was built, as shown in Fig. 5 . The seven-port junction was designed at the X-band and fabricated using five commercially available stripline quadrature hybrids connected with semirigid cables. Power levels were measured by power detectors (HP85025D). The whole measurement system was controlled by a personal computer.
The system performance was evaluated by measuring various two-port passive components. Some examples of the measurement accuracy are given below. Figure 6 illustrates the measured S-parameters of a 3 dB attenuator at 10 GHz. The S-parameters are plotted in the polar format. For comparison, the measured results using a commercial VNA (Wilton 360B) are also shown in the same figure. Sparameters of a 6 dB attenuator measured by the seven-port based VNA and the commercial VNA at 10 GHz are shown in Fig. 7 . One can see that the agreement between the two measured values is fairly good.
Furthermore, the measurement accuracy over the whole X-band (7 to 12 GHz) is examined. Figure 8 illustrates the measured transmission characteristics of 3 dB, 6 dB, and 9 dB attenuators. The results obtained using the commercial VNA are also shown in the same figure for comparison. At each frequency, there are two measured values for the seven-port wave-correlator, which were measured with either P3 or P4 as the reference port. One can see that the agreement between the measured data is very good. The seven-port wave-correlator was constructed with microstrip branch line couplers (90
• hybrids) at 10 GHz. Figure 9 shows the developed module. The whole circuit was fabricated on a glass-reinforced Teflon board with a thickness of 0.8 mm and a relative permittivity of 2.6. The input ports P1 and P2 were connected with SMA jacks. The detector diodes (Schottky zero bias diode MP2066, M-pulse Microwave) were used for the power measurements at the five measuring ports. To avoid mismatch between the detector diodes and the microstrip branch lines, circulators were inserted. The accuracy of the complex wave ratio measurement is directly related to the characteristic of the detector diodes. In our measurements, the characteristics of the output voltage verses input power of the diode were evaluated experimentally in advance and a lookup table was used thereafter. Calibration of the developed seven-port wave-correlator was carried out at the X-band (8 to 11 GHz with 1 GHz increment). The calibration of the two six-port wavecorrelators was based on the integration method [11] , [14] . The values of the derived calibration parameters at 10 GHz are listed in Table 1 . We can see that the relationships in (4) are nearly satisfied by the two sets of calibration parameters obtained from separate calibrations of the two six-port wave-correlators.
Then the complex wave ratio measurements were performed with a phase shifter to examine the accuracy of the developed seven-port wave-correlator. The measurement system is shown in Fig. 10 . In this experiment, the source signal was split into two parts using a two-way power di- Values (ratios) with P 4 as reference [ratio] as reference [ratio] vider. One of them directly fed P1 of the seven-port junction, while the other fed P2 through a sliding phase shifter. The position of the sliding phase shifter was controlled by a pulse motor, and moved with the same increment. The measured phase difference of the two input waves with respect to the relative position of the phase shifter are plotted in Fig. 11 . As mentioned in the previous section, the sevenport wave-correlator is actually a combination of two sixport junctions, thus the phase difference can be measured with either P3 or P4 as the reference port. The measurements at 10 GHz for both cases are shown in Fig. 11 . It is confirmed that the measured phase change with the phase shifter position equal movement is almost a constant value. The frequency characteristics of the developed sevenport VNA were also investigated. Since the seven-port wave-correlator was constructed of microstrip branch line couplers at 10 GHz and calibrated at the X-band, the measured phase difference on the two input waves with respect to the relative position of the phase shifter at 9, 10, and 11 GHz are plotted in Fig. 12 . The measured phase change with the phase shifter position equal movement is almost a constant value for the whole frequency band. Thus, as long as the seven-port VNA is calibrated accurately in advance, it can be used for broad-band measurements.
Conclusion
A seven-port wave-correlator based vector network analyzer has been designed, built, and tested. The seven-port wavecorrelator is actually a combination of two six-port wavecorrelators. The complex wave ratio measurement accuracy, particularly the magnitude of the ratio, is improved since the input signals are directly detected by the side-arm ports (port 3 and port 4 in Fig. 2) . A seven-port wave-correlator constructed with microstrip branch line couplers was designed and fabricated. The performance of the wave-correlator and the constructed network analyzer was evaluated with several two-port passive components, and the measurement accuracy was confirmed. The basic assumptions of the six-port theory are single-frequency operation and accurate power measurements using detector diodes. The frequency characteristics of the developed seven-port VNA were examined. To use the proposed seven-port system as a vector network analyzer over a relatively wide frequency range, wide-band components are required but the calibration method and circuit implementation discussed in this paper can be directly applied.
